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Direct atmospheric evidence for the irreversible formation
of aqueous secondary organic aerosol
Marwa M. H. El-Sayed1, Yingqing Wang1, and Christopher J. Hennigan1
1

Department of Chemical, Biochemical and Environmental Engineering, University of Maryland, Baltimore County,
Baltimore, Maryland, USA

Abstract The reversible nature of aqueous secondary organic aerosol (aqSOA) formation was characterized
for the ﬁrst time through direct atmospheric measurements. Water-soluble organic carbon in the gas and
particle phases (WSOCg and WSOCp) was measured simultaneously to quantify aqSOA formation in Baltimore,
Maryland. During the nighttime, aqSOA formation was evident as WSOCg increasingly partitioned to the
particle phase with increasing relative humidity (RH). To characterize the reversible/irreversible nature of this
aqSOA, the WSOCp measurement was alternated through an unperturbed ambient channel and through a
“dried” channel maintained at ~40% RH (with 7 s residence time) to mimic the natural drying particles undergo
throughout the day. Across the entire RH range encountered, there was no statistically signiﬁcant difference in
WSOCp concentrations through the dry and ambient channels, indicating that the aqSOA remained in the
condensed phase upon the evaporation of aerosol water. This strongly suggests that the observed aqSOA was
formed irreversibly.

1. Introduction
Recent evidence indicates that the uptake of water-soluble organic gases into atmospheric waters—clouds,
fog, and aerosol water—likely represents an important pathway for secondary organic aerosol (SOA)
formation [Ervens et al., 2011]. This aqueous SOA (aqSOA) can help to explain the underprediction of SOA
concentrations by many state-of-the-art models [Volkamer et al., 2007; Carlton et al., 2008; Fu et al., 2009];
however, fundamental aspects of aqSOA formation remain uncertain or unknown. This includes uncertainties
in the relative contributions of reversible and irreversible uptake processes.
Both reversible and irreversible processes are initiated when low carbon number (i.e., volatile), water-soluble
organic gases partition to aerosol water or cloud/fog droplets. Once in the aqueous phase, the dissolved
organics can undergo various reversible reactions, including hydration and self-reaction to form oligomers
[De Haan et al., 2009]. Following these processes, water droplet evaporation can result in a signiﬁcant loss
of the dissolved organics back to the gas phase through repartitioning [De Haan et al., 2009; Galloway
et al., 2009], implying that the liquid water serves only as a temporary reservoir for these species. The
dissolved organics can also undergo irreversible reactions that form lower volatility products which remain
in the condensed phase upon water evaporation. These irreversible reactions are likely driven by radical
species [Anastasio and McGregor, 2001; Lim et al., 2010; Ervens et al., 2014], inorganics [Nguyen et al., 2012;
Lee et al., 2013; Ortiz-Montalvo et al., 2014], and acid catalysis [Surratt et al., 2007; Gaston et al., 2014]. The
relative split between the reversible and irreversible pathways is an important factor that inﬂuences the
contribution of aqSOA to the total OA budget [De Haan et al., 2009].
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Due to its high solubility in water and numerous atmospheric sources, glyoxal is thought to be a dominant
aqSOA precursor [Volkamer et al., 2007; McNeill et al., 2012; Lin et al., 2014]. Consequently, glyoxal has been
investigated extensively in laboratory and modeling studies. Reversible glyoxal uptake to aqueous particles
readily forms signiﬁcant concentrations of aqSOA [e.g., Kroll et al., 2005; Galloway et al., 2009]. Glyoxal is
also highly reactive in the aqueous phase [e.g., Carlton et al., 2007; Shapiro et al., 2009; Yu et al., 2011],
indicating that it is very likely to undergo irreversible uptake [Lim et al., 2010; Ervens and Volkamer, 2010].
Methylglyoxal is far less soluble than glyoxal and is unlikely to contribute signiﬁcant aqSOA through
reversible uptake to ﬁne-particle water [Kroll et al., 2005]. However, due to far-greater liquid water content
in clouds than wet aerosols, the reversible uptake of methylglyoxal and subsequent repartitioning to the
gas phase through cloud cycles is predicted [Lim et al., 2013]. Methylglyoxal is also highly reactive in the
aqueous phase (e.g., with OH and inorganics) [Altieri et al., 2008; Sareen et al., 2010], which would imply
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irreversible uptake in both ﬁne-particle water and cloud/fog droplets. It is thus thought to be an important
precursor to aqSOA of similar or greater magnitude to glyoxal [Fu et al., 2008; Lin et al., 2012]. The reaction
products of isoprene oxidation, speciﬁcally epoxides of isoprene (IEPOX), have also been identiﬁed as major
aqSOA precursors [Paulot et al., 2009; Lin et al., 2012; McNeill et al., 2012; Pye et al., 2013]. The uptake is
thought to proceed through reversible Henry’s law partitioning with a subsequent aqueous-phase
mechanism that includes ring opening and nucleophilic addition catalyzed by a proton donor [T. B. Nguyen
et al., 2014; Gaston et al., 2014]. A recent study indicates that ~5–25% of the IEPOX taken up by particles
ultimately forms SOA, suggesting that a majority of the uptake is reversible [Riedel et al., 2015]. However,
T. B. Nguyen et al. [2014] showed that inorganic seed particle composition quite strongly affects this process.
Since most clouds are not precipitating [Pruppacher, 1986] and because aerosol water levels can change widely
with changes in aerosol composition and relative humidity (RH) [Khlystov et al., 2005; T. K. Nguyen et al., 2014],
understanding the fate of aqSOA under conditions of water evaporation is critical in quantifying the
contribution of aqSOA to the total OA budget. For glyoxal dissolved in water or taken up through a reversible
process, dilution of the system with clean air or evaporation of the liquid droplets causes glyoxal to repartition
to the gas phase, demonstrating the reversible nature of the uptake [De Haan et al., 2009; Galloway et al., 2009;
Ortiz-Montalvo et al., 2012]. However, not all of the glyoxal volatilizes: some remains in the condensed phase
upon water droplet evaporation [Loefﬂer et al., 2006; De Haan et al., 2009; Galloway et al., 2014]. Substantial
organic mass remains in the condensed phase upon evaporation of aqueous droplets containing dissolved
methylglyoxal as well [De Haan et al., 2009; Galloway et al., 2014]. In the absence of inorganic species, this
behavior is attributed to the formation of lower volatility oligomers [Loefﬂer et al., 2006; De Haan et al., 2009].
The behavior of β-IEPOX SOA upon aerosol water evaporation is a function of the inorganic aerosol seed. For
example, in experiments of β-IEPOX uptake to aqueous NaCl particles, the observed aqSOA completely
evaporated under conditions of aerosol water drying, indicating reversible aqSOA formation [T. B. Nguyen et al.,
2014]. Conversely, signiﬁcant aqSOA remained in the condensed phase under conditions of aerosol water
drying when the β-IEPOX uptake occurred on aqueous (NH4)2SO4 particles [T. B. Nguyen et al., 2014].
Experimental evidence suggests that particle water evaporation can also induce or rapidly accelerate
chemical reactions compared to conditions in the bulk aqueous phase. The presence of ammonium may
be especially key for such processes as it can dramatically alter the quantity and composition of organics
that remain in the condensed phase under conditions of evaporation [De Haan et al., 2011; Nguyen et al.,
2012; Lee et al., 2013; Yli-Juuti et al., 2013; Ortiz-Montalvo et al., 2014].
What remains mostly unknown is how these experimental observations translate into ambient aqSOA
formation. A major challenge is that organic and inorganic matrix effects have a profound impact on the
chemistry of organic compounds in bulk aqueous solutions, aqueous particles, and in particles undergoing
drying [Volkamer et al., 2009; Tan et al., 2009; Laskin et al., 2012; Drozd and McNeill, 2014; Powelson et al.,
2014; Ortiz-Montalvo et al., 2014]. This includes the potentially important effects of both liquid-liquid phase
separations [You et al., 2012] and changes in organic particle viscosity [Song et al., 2015] under conditions
of aerosol water evaporation. However, the effect of either process on SOA formed through the uptake of
water-soluble gases to aqueous particles is unknown at present.
The purpose of this study was to characterize the reversible nature of aqSOA formation through direct
atmospheric observations. A central component of this study was an analysis of the behavior of particulate
water-soluble organic carbon (WSOCp) under conditions of aerosol drying. Ambient measurements were
carried out for approximately 1 month in Baltimore, Maryland, a site heavily impacted by anthropogenic
and biogenic emissions. Two main SOA formation processes were identiﬁed as follows: (1) daytime
photochemical SOA production and (2) nighttime partitioning of water-soluble organic carbon from the
gas phase (WSOCg) to particle phase (WSOCp) at enhanced relative humidity (RH) (i.e., aqSOA formation).
We focus on comparing the behavior of WSOCp, a surrogate for SOA, in dried/ambient particles under
these two SOA formation regimes. This represents, to our knowledge, the ﬁrst attempt to quantify and
differentiate reversible and irreversible aqSOA in the atmosphere.

2. Methods
Ambient measurements were carried out in Baltimore, Maryland, from 3–30 September 2014 on the
University of Maryland, Baltimore County (UMBC) campus. The measurements included WSOCp and WSOCg,
EL-SAYED ET AL.
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total aerosol organic and elemental carbon (OC and EC, Sunset Labs Field Analyzer), and carbon monoxide (CO,
Thermo Scientiﬁc Model 48C). Instrumentation was housed in a temperature-controlled environmental
enclosure (EKTO, Inc.) located on the rooftop of the Engineering Building at UMBC. The rooftop is ~20 m
above ground level, and the air sampling inlets were ~3 m above the rooftop.
A detailed description of all methods, including a schematic of the experimental setup (Figure S1), is included
in the supporting information. Brieﬂy, online measurements of WSOCp were made with a Particle-into-Liquid
Sampler (PILS, Brechtel Manufacturing) coupled to a Total Organic Carbon Analyzer (TOC, Model 900 Turbo,
GE Analytical) operated in Turbo mode according to the method of Sullivan et al. [2006]. The WSOCp
measurements employed a PM2.5 cyclone (URG Corp.) and a parallel plate carbon denuder to remove any
interference from organic vapors. The WSOCg measurements were carried out with a mist chamber (MC)
coupled to the same TOC analyzer according to the method of Hennigan et al. [2008, 2009]. The mist
chamber was operated with 10 mL initial water collection volume, with an air sample ﬂow rate of
28.2 l min 1, and 5 min sample collection times.
To characterize the effect of aerosol water evaporation on aqSOA, the WSOCp sample was alternated
between an unperturbed ambient channel and a “dried” channel in which the air sample passed through a
silica gel dryer. The measurement through the ambient channel is denoted as “WSOCp” while that through
the dried channel is denoted “WSOCp,dry.” The dryer was made in-house, similar to other commercial
models (e.g., TSI model 3062), and had a 4 s residence time. Under the present experimental conditions
and across the ambient temperature (T ) and relative humidity (RH) encountered in September, the air
sample exiting the dryer had an average RH of 42.5% ± 0.9% (range = 33.7–45.9%; supporting information
Table S1). The dryer was exchanged daily, and its continued efﬁciency at the end of the 1 day sampling
was conﬁrmed with both color indicator of the silica gel and direct laboratory measurements (Omega, RHUSB). Under both the ambient and dried WSOCp measurement conﬁgurations, the air sample passed
through the parallel plate denuder prior to the PILS; thus, any organic aerosol species that evaporated
downstream of the dryer (i.e., due to particle water evaporation) were also removed, avoiding
recondensation in the PILS. The WSOCp measurement was modulated between the dry and ambient
channels using an automated three-way stainless steel valve (Brechtel Manufacturing). Particle losses
through the three-way valve and dryer were characterized prior to the study and were negligible. Particle
sizing measurements were not undertaken as part of this study, so a quantitative comparison of the
aerosol water content in the respective channels was not possible. Qualitatively, the decrease in RH from
ambient down to ~40% will substantially reduce the aerosol liquid water content for most ambient aerosol
compositions, especially when the ambient RH is above 80% [Malm and Day, 2001]. The dryer + carbon
denuder provided a 7 s residence time for the dried sample at the decreased RH prior to particle collection
in the PILS. This amount of time far exceeds the required time for aerosol water evaporation, which is of
order 10 3 s for ﬁne particles [Hinds, 1999], but may not allow complete evaporation of condensed
organics, depending on many factors, including the organic aerosol matrix. The implications of this timing
are discussed in detail below.
A single WSOCg-WSOCp-WSOCp,dry cycle was completed every 14 min. A syringe pump (C3000, Tricontinent
Scientiﬁc) and peristaltic pump (Ismatec) were used in conjunction with an eight-port distribution valve
(Valco) to alternately deliver the WSOCp sample (5 min), the WSOCp,dry sample (5 min), and the WSOCg
sample (4 min) to the TOC analyzer. Data from the TOC analyzer operated in turbo mode were averaged to
provide one measurement each of WSOCg, WSOCp, and WSOCp,dry every 14 min cycle. Factory calibrations
of the TOC analyzer were performed, and these calibrations were periodically veriﬁed using sucrose
solutions with concentrations that bracketed our observed aqueous sample concentrations. Dynamic
blanks for the PILS and MC systems were measured approximately daily, and were subtracted from the
ambient measurements to properly quantify the WSOCg and WSOCp concentrations. The dynamic blanks
were also used to quantify the method limits of detection, which were 0.23 and 0.35 μg-C m 3 for WSOCp
and WSOCg, respectively.
No direct measurement of SOA exists, but WSOCp is a good surrogate for SOA in most environments [e.g.,
Miyazaki et al., 2006; Kondo et al., 2007; Weber et al., 2007]. WSOCg represents a bulk measurement of
oxygenated organic gases, which are predominantly secondary, as well [Hennigan et al., 2009; Carlton and
Turpin, 2013; Hodzic et al., 2014; Yuan et al., 2015]. The production of gas- and particle-phase WSOC was
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Figure 1. Average diurnal proﬁles of (a) ΔWSOCp/ΔCO and (c) ΔWSOCg/ΔCO. Boxplots of (b) ΔWSOCp/ΔCO and (d) ΔWSOCg/ΔCO as a function of temperature. Data
were binned according to the ambient temperature: bins were deﬁned as 10–17.5°C, 17.5–20°C, 20–22.5°C, 22.5–25°C, and 25–35°C. For each bin, median values
(horizontal line with dot), 25th and 75th percentiles (lower and upper box values), and 5th and 95th percentiles (vertical lines) are shown. The numbers at the bottom
of Figures 1b and 1d represent the number of points within each bin.

quantiﬁed by normalizing the excess WSOC concentrations (ΔWSOC) to the excess CO concentration (ΔCO).
This method accounts for dilution due to boundary layer expansion and for the mixing of different air masses
sampled at the ground site [de Gouw et al., 2005; DeCarlo et al., 2008; Zhang et al., 2012]. The background
concentrations of WSOC and CO were subtracted from each ambient measurement to compute the
excess concentrations (ΔWSOCg, ΔWSOCp, and ΔCO). The WSOC backgrounds were taken to be the
lowest concentrations measured throughout the study (Table S2), while that for CO was assumed to be
0.1 ppm (sixth lowest CO concentration among 3800 measurements in the study period).

3. Results and Discussion
An overview of the WSOCg and WSOCp measurements from the entire study period is summarized in the
supporting information Table S2. Overall, conditions during the measurement period were relatively clean,
due to synoptic conditions that prevented the buildup of pollutants over multiple days. However, SOA
formation was consistently observed and was due primarily to two different pathways: (1) daytime
photochemical SOA production and (2) nighttime partitioning of WSOCg to aerosol water (i.e.,
aqSOA production).
Figures 1a and 1c show the average diurnal proﬁles of the ΔWSOCp/ΔCO and ΔWSOCg/ΔCO ratios,
respectively. The ﬁgures show strong photochemical production of WSOCp and WSOCg, as the normalized
concentrations approximately double from 08:00 to 14:00 (local time). It is likely that most of this SOA
production is from biogenic VOCs: the summertime VOC budget in the region is dominated by isoprene
[Hudman et al., 2008], and isoprene emissions remain relatively high through September in the eastern
U.S. [Müller et al., 2008]. This is strongly supported by Figures 1b and 1d, which show large increases in
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the daytime (08:00–19:00, local time)
ΔWSOCp/ΔCO and ΔWSOCg/ΔCO ratios
with increasing temperature. This is likely
due to the combination of enhanced
isoprene emissions, increased oxidant
concentrations, and faster kinetics all
contributing to SOA production at higher
temperatures. The normalized WSOC
concentrations also showed a positive
relationship with temperature during
nighttime periods (20:00 to 07:00 local
time, supporting information Figure S2).

Figure 2. (a) Scatterplot and box plot of the particulate WSOC fraction, Fp, as
a function of RH at nighttime (20:00 to 07:00, local time). Data were binned
according to the ambient RH: bins were deﬁned as 40–60%, 60–70%,
70–80%, and 80–90%. For each bin, median values (horizontal line), 25th and
75th percentiles (lower and upper box values), and 5th and 95th percentiles
(vertical lines) are shown. Numbers at the bottom of Figure 2a represent the
number of points within each bin. (b) Event beginning on 29 September
2014 in which Fp and RH increased together while the WSOCp,dry/WSOCp
ratio remained approximately constant. The black solid line at WSOCp,dry/
WSOCp ratio = 1 is for visual reference. (c) Average diurnal proﬁle of RH
(vertical bars represent ±1σ). The dotted line at 42.5% RH represents the
average RH conditions for the WSOCp,dry measurement.

EL-SAYED ET AL.
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During nighttime periods, another SOA
formation pathway was prominent: the
uptake of WSOCg to ﬁne-particle water
(i.e., forming aqSOA). During the night,
the fraction of total WSOC in the particle
phase (Fp = WSOCp/(WSOCp + WSOCg))
exhibits a statistically signiﬁcant
increasing trend with RH (Figure 2a),
with periods of strong correlation
(Figures 2b and S4). Other factors
besides RH will also inﬂuence Fp (e.g.,
local emissions and SOA formation by
other pathways), which explains the
scatter in the individual data points in
Figure 2a. At the highest RH levels
(>80%), the median Fp increased by
approximately 50% compared to the
median nighttime Fp at the lowest RH
levels. The Student’s t test indicates
that the Fp increases at the two highest
RH levels (70–80%; > 80% RH) are statistically signiﬁcant at the 95% conﬁdence level compared to nighttime Fp
values at RH < 60% (the increase in Fp
for the 60–70% RH bin was not statistically signiﬁcant). Further, we have
identiﬁed multiple time periods, where
Fp and RH increased simultaneously—
one example is shown in Figure 2b,
while several more are presented in
the supporting information (Figure S4).
The observation of nighttime aqSOA formation is further supported by the ﬁndings in Figures 1 and S2. Given the
lower isoprene and oxidant concentrations at night, one may expect increasing Fp with increasing RH during this
time simply due to the enhanced
particle-phase partitioning of semivolatile compounds at lower T (higher RH).
However, the increasing normalized
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WSOCp concentration with increasing
temperature at night (Figure S2) shows
that other factors, including RH, also
affect the concentrations and partitioning of WSOC.
Similar RH dependences to Figure 2 have
been observed in other locations as well
[Hennigan et al., 2008; Sorooshian et al.,
2010; Zhang et al., 2012]. The dark uptake
of water-soluble organic gases (e.g.,
glyoxal) to aerosol water has been
observed in both laboratory [e.g., Liggio
et al., 2005a; 2005b; Kroll et al., 2005;
Galloway et al., 2009; T. B. Nguyen et al.,
2014] and ambient studies [Hennigan
et al., 2008] and is responsible for the
behavior shown in Figure 2a. An overall
increase in Fp with increasing RH was
not observed during daytime hours
(08:00–19:00, Supporting Information
Figure S3), suggesting that daytime
uptake of WSOCg to ﬁne-particle water
was obscured by the formation of SOA
through the emission and photooxidation of VOCs through more traditional
gas-phase pathways. Further, of the individual events corresponding to increases
in Fp and RH, the majority were observed
during nighttime periods, possibly due
to lower availability of aerosol water during the daytime.

Figure 3. Scatterplots of WSOCp,dry versus WSOCp for (a) daytime and (b)
nighttime periods. The solid black lines in Figures 3a and 3b represent the
linear ﬁts to the data using least squares regression analysis; the ﬁt parameters are given in each panel. (c) Median daytime and nighttime values
of the WSOCp,dry/WSOCp ratio as a function of ambient RH. To calculate
3
the WSOCp,dry/WSOCp ratio, 0.075 μg C m was subtracted from each
WSOCp,dry measurement to account for the small positive intercept in
Figures 3a and 3b. Vertical lines in Figure 3c represent the uncertainty of
the calculated WSOC ratio, assuming a relative measurement uncertainty
of 10% in both the WSOCp and WSOCp,dry measurements.

EL-SAYED ET AL.
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While this study and others have
observed aqSOA formation through the
uptake of WSOCg to aerosol water, a
major question that remains is whether
this uptake occurs in the atmosphere
through reversible or irreversible pathways, since both processes are observed
in laboratory studies [McNeill, 2015]. To
investigate this question, the WSOCp
measurement was modulated between
the ambient and dried channels. The RH
of the sample through the dried channel
was approximately 42.5% (see supporting information Table S1). This level of
drying would induce signiﬁcant aerosol
water evaporation, but there was still
likely to be residual water associated
with many particles at this RH [Khlystov
et al., 2005]. The goal was not to dry the
particles completely but rather to provide an estimate for the lowest RH that
particles may encounter naturally over
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the course of a day in the study period. Figure 2c shows the average daily RH proﬁle (±1σ), along with the average dried sample RH (blue dotted line). This demonstrates that the RH through the dryer provided a reasonable
approximation for the low end of RH values across a daily cycle during the study period.
Figure 3 shows a comparison of the WSOCp and WSOCp,dry concentrations for daytime and nighttime periods
throughout the study. The slopes very close to unity and low-intercept values in Figures 3a and 3b indicate the
strong similarity in the WSOCp and WSOCp,dry concentrations during both daytime and nighttime periods.
Figure 3c shows the WSOCp,dry/WSOCp ratio for daytime and nighttime periods as a function of ambient RH.
Although Figure 3 suggests a small systematic difference between the WSOCp and WSOCp,dry measurements
—e.g., the small intercepts or the WSOCp,dry/WSOCp ratio slightly below unity—these differences were not
statistically signiﬁcant at any RH level in either the daytime or nighttime periods (supporting information
Tables S3 and S4). Figure 3c demonstrates the nearly constant WSOCp,dry/WSOCp ratio across the entire RH
range. This is supported by Figure 2b, which shows a single event where Fp increased simultaneously with
RH. Throughout this event, the WSOCp,dry/WSOCp ratio remained approximately constant (average = 1.02).
There are several important observations to note from Figure 3. First, aerosol liquid water increases with
increasing RH, so the trend in Figure 3c indicates that the evaporation of liquid water had no effect on
WSOCp. Second, there was no difference in the WSOCp,dry/WSOCp ratio for the daytime or nighttime periods.
This suggests that the WSOCp (i.e., SOA) remained in the condensed phase with liquid water evaporation,
regardless of the pathway by which the SOA formation occurred (daytime, photochemical gas-phase SOA
and nighttime, aqSOA formation in aerosol water).
This study represents, to our knowledge, the ﬁrst characterization of the reversibility of ambient aqSOA formation.
The implication of this work is that aqSOA formed through aerosol liquid water remains in the condensed phase
upon evaporation of the water. It is signiﬁcant that this observation pertains to aqSOA formed under dark
conditions. This suggests that OH was not likely responsible for driving aqueous-phase reactions to transform
the dissolved WSOCp. Other compounds, including radicals and inorganic species, may have initiated the
chemical transformation of the aqSOA into lower volatility material that remains in the condensed phase upon
liquid water evaporation. This includes the formation of organic acid-salt complexes [Laskin et al., 2012; Wang
and Laskin, 2014], which can dramatically decrease the vapor pressure of organic compounds [Paciga et al., 2014].
It is also possible that self-reactions to form oligomers contributed to the aqueous-phase chemistry, although this
was not likely the primary reaction mechanism, since some WSOCp evaporation along with the liquid water would
be expected if that were the case [De Haan et al., 2009; Ortiz-Montalvo et al., 2012]. The effects of both liquid-liquid
phase separations and changing organic component viscosities under conditions of particle water evaporation
may contribute to the ambient observations. Laboratory experiments indicate that biogenic SOA under highRH conditions (>80%) is almost certainly in the liquid phase [Renbaum-Wolff et al., 2013; Song et al., 2015]. The
same experiments also observed signiﬁcant increases in SOA viscosities when RH levels were decreased.
Galloway et al. [2014] hypothesized that oligomer formation in model aqSOA particles undergoing drying
increased the particle viscosities and inhibited the complete evaporation of aerosol water. Although the above
studies suggest that the viscosity of SOA likely changed in our “dry” channel, it cannot be determined from the
present measurements whether this effect was indeed responsible for the lack of WSOCp evaporation under
the conditions of drying. Predicting the effects of changing aerosol phase on the observed results is further
complicated by the variable inﬂuence of inorganic species and organic aerosol composition (e.g., O:C ratio) on
aerosol water and phase state [Hodas et al., 2015].
The results in this study have characterized the behavior of aqSOA formed through aerosol water under
conditions of liquid water evaporation. However, the translation of these results to aqSOA formed in cloud
water is uncertain. The aqueous chemistry in aerosol and cloud water is likely to be quite different due to
wide differences in liquid water content and solute concentrations [Tan et al., 2009; Ervens and Volkamer,
2010]. The fate of dissolved organic species under water droplet evaporation as a function of initial organic
concentrations has not been systematically investigated. Further, matrix effects can signiﬁcantly alter the
aqueous chemistry of organics [Drozd and McNeill, 2014], so the methods used in this study should be
deployed in diverse locations and across multiple seasons to characterize a wider range in meteorology,
source inﬂuences, and aerosol composition. Finally, the kinetics of evaporation was not assessed in this
study, but the delayed evaporation of semivolatile WSOCp cannot be ruled out. The total residence time
for the WSOCp,dry channel within and downstream of the silica gel dryer prior to particle collection in the
EL-SAYED ET AL.
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PILS was ~7 s. This includes the residence time in the parallel plate carbon denuder. This timing is similar to
the evaporation times used by T. B. Nguyen et al. [2014] (~3–4 s) and Ortiz-Montalvo et al. [2012, 2014] (6 s) to
investigate aqSOA behavior in evaporating aqueous particles in laboratory studies. This amount of time is
more than sufﬁcient to allow aerosol water evaporation, which occurs on a time scale of ~10 3 s in ﬁne
particles [Hinds, 1999]. Laboratory studies and thermodynamic models suggest that 7 s may or may not be
sufﬁcient to reach equilibrium in evaporating water/organic droplets, though, depending on the droplet
composition. For example, T. B. Nguyen et al. [2014] observed the complete evaporation of aqSOA
formed from β-IEPOX uptake to aqueous NaCl particles that underwent drying for 3–4 s. Conversely,
Yli-Juuti et al. [2013] found required drying times in excess of 20 s for mixed succinic acid-ammonium
sulfate particles, while Galloway et al. [2014] found equilibrium drying times of up to 2 min for aqueous
carbonyl-ammonium sulfate particles. Nevertheless, if WSOCp evaporation were to occur as a result of
the aerosol water evaporation, the 7 s residence time would be sufﬁcient to allow some of the WSOCp
evaporation to occur [Yli-Juuti et al., 2013; Galloway et al., 2014]. The fact that we observed no statistical
difference between the WSOCp and WSOCp,dry measurements suggests that all of the observed aqSOA
was irreversible.
Overall, we have demonstrated evidence for the irreversible formation of aqSOA in ﬁne-particle water in the
atmosphere. The WSOCg that partitioned to aerosol water at elevated RH remained in the condensed phase
upon evaporation of the water. This characterization was predominantly under dark conditions, indicating
that aqueous reactions of the dissolved organics with OH are not necessary to form irreversible aqSOA.
This study reinforces the importance of aqueous pathways as contributors to ambient SOA [Ervens et al.,
2011; McNeill, 2015], although signiﬁcant work remains in quantifying the contribution of aqueous
pathways to the global OA burden.
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